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Abstract Understanding the interplay of ocean physics and biology at the submesoscale and below
(<30 km) is an ongoing challenge in oceanography. While poorly constrained, these scales may be of critical
importance for understanding how changing ocean dynamics will impact marine ecosystems. Fronts in the
ocean, regions where two disparate water masses meet and isopycnals become tilted toward vertical, are
considered hotspots for biophysical interaction, but there is limited observational evidence at the appropriate
scales to assess their importance. Fronts around western boundary currents like the Gulf Stream are of particular
interest as these dynamic physical regions are thought to influence both productivity and composition of
primary producers; however, how exactly this plays out is not well known. Using satellite data and 2 years of in
situ observations across the Gulf Stream front near Cape Hatteras, North Carolina, we investigate how
submesoscale frontal dynamics could affect biological communities and generate hotspots of productivity and
export. We assess the seasonality and phenology of the region, generalize the kilometer‐scale structure of the
front, and analyze 69 transects to assess two physical processes of potential biogeochemical importance: cold
shelf filament subduction and high salinity Sargasso Sea obduction. We link these processes observationally to
meanders in the Gulf Stream and discuss how cold filament subduction could be exporting carbon and how
obduction of high salinity water from depth is connected with high chlorophyll‐a. Finally, we report on
phytoplankton community composition in each of these features and integrate these observations into our
understanding of frontal submesoscale dynamics.

Plain Language Summary The interplay of physics and biology in determining the biomass and
composition of phytoplankton communities is poorly understood and is key to understanding marine ecosystem
resilience and structure in a changing ocean. In this work we investigated the impact of physics and biology on
phytoplankton across scales focusing on the Gulf Stream front. Fronts in the ocean are where lines of equal
density go from being horizontal to having a vertical tile, and because of this can enable nutrients and plankton
to move from depth to the surface and vice versa. The objective of this work is to understand how physics might
drive important changes in phytoplankton biomass and composition in the Gulf Stream front, which is amongst
the sharpest gradients in temperature, density, and current speed in the global ocean. We find two frequent
processes at the front, the apparent downward movement of cold filaments along the edge of the Gulf Stream,
associated with meander troughs, and upward movement of high salinity Sargasso Sea water into the front
linked to meander crests. While ephemeral, these processes are frequent and could have a large impact on local
phytoplankton biomass, phytoplankton composition, and the export of organic matter to depth.

1. Introduction
Connections between the well‐lit upper ocean and nutrient rich interior fuel marine ecosystems. Regions where
these connections are frequent can become hotspots of productivity, due to injections of nutrients from depth, and
export, as organic matter is exported below the ocean surface for extended periods. While large‐scale niches and
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gradients in productivity are set by environmental contrasts at the basin scale, they are rearranged by mesoscale O
(30–300 km) and submesoscale O(3–30 km) flows (Barton et al., 2010; Lévy et al., 2015). Flows at all of these
scales laterally stir existing gradients, but the submesoscale is especially efficient at driving vertical fluxes and
linking the euphotic zone to the ocean's nutrient rich interior (Mahadevan, 2016). These fluxes can then shape the
composition and productivity of phytoplankton communities, cascading throughout the ocean's food web (Lévy
et al., 2018). Multiscale physical dynamics and biological responses produce the ocean's characteristically
extreme spatial and temporal heterogeneity. Yet exactly how and where these processes drive phytoplankton
productivity, diversity, and export remain largely unresolved (Abraham, 1998; Klein & Lapeyre, 2009; Mackas
et al., 1985; McGillicuddy, 2016).

Given the increased vertical transport at the submesoscale, submesoscale processes may help explain long-
standing questions about patchy productivity and export. For example, global estimates of new production exceed
the modeled nutrient availability (Klein & Lapeyre, 2009). Additionally, major effort has gone into quantifying
the biological carbon pump (Siegel et al., 2016), with recent observational work suggesting an eddying flow field
can drive hotspots of export ‐ visible as small filaments of a few kilometers on eddy edges and fronts (Omand
et al., 2015). However, disagreement exists with some modeling work indicating the total amount of this eddy‐
driven export is small, ∼5% of the annual budget (Resplandy et al., 2019). The disagreement in both cases could
be due to the intermittent small scale dynamics which remain unresolved in both numerical models and most
observation efforts (Couespel et al., 2021; Lévy et al., 2018; Mahadevan, 2016). For the forseeable future, it is
unlikely we will be able to fully model this small scale in basin‐wide or global climate models; however, un-
derstanding how to better parameterize models could vastly improve predictions in a warming world
(Ferrari, 2011).

Strong persistent mesoscale fronts, such as the Gulf Stream's north wall, are reliable hotspots of submesoscale
dynamics (Mcwilliams et al., 2019) and the tilted isopycnals in these regions can provide a vertical path through
the water column. These fronts are linked to increased productivity in phytoplankton, zooplankton, and fish, and
represent a hotspot of ocean predator diversity (Lévy et al., 2015; Mann & Lazier, 2005; Uchida et al., 2020). The
Gulf Stream front just downstream of the current's separation point at Cape Hatteras, North Carolina, provides an
ideal observatory for investigating questions of physical‐biological interaction. Although generally in geostrophic
balance, western boundary currents (WBCs), such as the Gulf Stream, frequently exhibit significant ageostrophic
circulation, enabling the vertical movement of nutrients and organisms at high velocities, unlike much of the rest
of the ocean (Mcwilliams et al., 2019). A wide range of modeling work suggests that the ageostrophic secondary
circulation at major oceanic fronts will lead to an enhancement of chlorophyll‐a (chl‐a) due to vertical transport of
nutrients into the euphotic zone (Clayton et al., 2013; Lévy et al., 2015 and citations therein). Recent satellite
observational work confirms this modeling result and suggests these mechanisms are at play (Haëck et al., 2023;
Mangolte et al., 2022); however, satellite observations are restricted to the surface, at a resolution of ∼1 km, and
are limited in their ability to mechanistically link physical processes to phytoplankton dynamics. Previous
submesoscale surveys observed increased biomass and diversity at WBC fronts, but they are typically limited in
temporal scope to a single short period or feature (Clayton et al., 2017). The impact of these processes on local
ecology and biogeochemistry could be drastic, but they remain poorly understood due to their ephemeral nature
and fine‐scale. The combination of vertical injections of nutrients and lateral mixing of upstream populations that
occurs at a WBC front may even lead to a unique biome at the front (Cavender‐Bares et al., 2001; Clayton
et al., 2014; Taylor et al., 2012). While potentially an ecologically important feature, it is poorly resolved by
satellites, models, and most in situ sampling programs, hence motivating the present study.

This work addresses the following question: do the submesoscale dynamics associated with the Gulf Stream give
rise to spatially distinct biological communities as well as localized export and high productivity patches? To
assess the presence of such features we analyze the physical and biological mesoscale context around the Gulf
Stream front across seasons and link them to the phase of the front's meanders.

2. Methods
2.1. Study Area

This study focuses on the Gulf Stream front, a region of oceanographic interest for centuries (Franklin &
Folger, 1786) and still a frequent area for study (Andres, 2021; Muglia et al., 2022; Seim et al., 2022). The Gulf
Stream is a dominant feature of the North Atlantic, the western expression of the subtropical gyre and a surface
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limb of the Atlantic meridional overturning circulation. It has a major impact on climate and ocean biogeography
(Longhurst, 2007; Stommel, 1965) and is associated with a nutrient core at depth thought to sustain ecosystems in
the North Atlantic (Pelegrí et al., 1996). The Gulf Stream is notable for its intense submesoscale dynamics (Gula
et al., 2015), making it an ideal observatory for investigating the role of submesoscale frontal dynamics on
biogeochemistry and phytoplankton community composition (PCC).

We focus particularly on the region just off Cape Hatteras, North Carolina (Figure 1). This is a highly dynamic
area at the confluence of the warm rapidly flowing Gulf Stream, the relatively slower, cooler, and fresher Slope
Sea and mid‐Atlantic Bight shelf water, spanning productive continental shelf waters out to the deep oligotrophic
open ocean with a sharp change in water depth from 100 to 1,000 m in just a few dozen kilometers laterally. The
Gulf Stream separates from the continental shelf at this point to become a meandering jet. The front on the
cyclonic side of the Gulf Stream, often called the North Wall, is a region of intense gradients in temperature,
salinity, chl‐a, and current speed (Stommel, 1965).

Figure 1. Annual mean sea surface temperature (SST) at the study area showing 100, 450, 1,000, and 2,000 m isobaths from white to black (a). The red inset is a zoom in
with all transects done during this study overlaid in black showing the 1,000 m isobath in gray (b). Examples of daily maps of SST in June of 2021 within the area
indicated by the gray square of a (c–e). These days show a large meander and warm streamer passing by Cape Hatteras that was previously a frontal eddy. A higher
resolution Landsat 8 SST image of the frontal region from 16 June 2021 and covering the area indicated by the blue rectangle in d (f). The annual mean SST is from the
Group for High Resolution SST Level 4 Global 0.05° Nighttime Foundation SST Analysis product. The daily SST is from the Advanced Clear‐Sky Processor for Ocean
Global 0.02° Gridded Super‐collated SST and Thermal Fronts from Low‐Earth‐Orbiting Platforms product. The Landsat SST is from USGS’ Earth Explorer and is
derived from Band 10 at 100 m resolution.
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2.2. Satellite Analysis

We used data collected by multiple ocean‐observing satellites in this analysis. Chl‐a data is derived from the
European Space Agency's merged Ocean Color Climate Change Initiative (OC‐CCI)'s v5.0 daily composite
product at 4 km spatial resolution (Sathyendranath et al., 2019). Sea surface temperature (SST) is derived from
NOAA's Advanced Clear‐Sky Processor for Ocean Global daily 0.02° Gridded Super‐collated SST and Thermal
Fronts from Low‐Earth‐Orbiting Platforms product. Given the intense temperature gradients on the front, many
products erroneously flag these pixels as a cloud and this product was found to have the fewest erroneously
flagged pixels. Landsat 8 Operational Land Imagery Surface Temperature is used for illustration purposes
(Figure 1) and was downloaded from https://earthexplorer.usgs.gov/. OC‐CCI chl‐a was acquired from https://
www.oceancolour.org/ and SST was acquired from https://coastwatch.pfeg.noaa.gov/erddap/griddap/noaacw-
LEOACSPOSSTL3SCDaily.html.

2.3. Wind Data

Wind speed data were collected via the NOAA National Data Buoy Center station 44014 as 10‐min averages from
the buoy's location at 36.603 N 74.837 W (Figure 2d).

2.4. Ship Transects

Transect data were obtained from expeditions on‐board the F/V Instigator, a 17 m sportfishing boat, and the R/V
Shearwater, a 24 m regional‐class research catamaran. On the F/V Instigator, only underway profiling and

Figure 2. Time series of sea surface temperature (SST, Panel (a)) and chlorophyll‐a (chl‐a, Panel (b)) from 2018 to 2021 averaged from a 40 by 40 km box on the coastal
side (green) and ocean side of the front (blue) delineated in panel (d). Shaded lines in panels (a–b) show the standard deviation of all pixels within the boxes during each
time step. Black vertical lines in panel (a) show the range of SST measured during ship transects on those days and correspond to all the transects in Figure 1b. Panel
(c) shows wind speed from the NOAA buoy indicated by the black marker in panel (d) averaged from 2010 to 2020. The black line is a 10 year average from 2012 to
2022 and the gray scatter is 10 min wind speed averages over that timespan. Panel d shows the mean satellite‐based chl‐a from 2020 along with the locations for the data
in the other panels.
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acoustic doppler current profiling were conducted. On the R/V Shearwater all datastreams listed below were
collected, though optical flow‐through was only collected on a subset of transects. We typically transited the Gulf
Stream front in approximately 5–20 km transects. Before beginning data collection, we would detect the front as
sharp gradients in near‐surface temperature and salinity with a real‐time visualization from the ship's thermo-
salinograph and visible surface roughness changes and then steam 3–8 km offshore of this point to begin the
survey from that location moving inshore perpendicular to the front. Transects took 4–6 hr and each cruise
typically collected two transects per day. From October 2020 to April 2022 this work collected 69 total transects,
45 of which cross the Gulf Stream front based on a temperature threshold. The seasonal distribution of these
transects can be seen in Figure 2a.

2.4.1. Underway Profiling

Vertical profiles were conducted with a Rockland Scientific VMP‐250 coastal‐zone profiler which collects
salinity, temperature, chl‐a fluorescence, turbidity (via optical backscatter at 880 nm), and turbulent shear. This
instrument was operated in a tow‐yo mode on a winch which allowed it to freefall and then be quickly reeled back
in a repeated pattern. The instrument fell to an approximate 100 m depth every 500–800 m along the track. Only
undisturbed measurements collected by sensors located at the front end of the instrument during down‐casts were
used in analyses.

2.4.2. Acoustic Doppler Current Profiler (ADCP)

Ocean velocity data was collected using a Nortek Signature 500 VM ADCP which was mounted off the side of the
vessel in∼1 m depth. This instrument operates at 500 kHz to collect horizontal current vectors with the fifth beam
measuring 1 mHz acoustic backscatter profiles. From this data we calculated current speed, direction, and vertical
shear along with acoustic backscatter strength. Vertical profiles of these measurements were binned in 1 m
resolution from ∼2 to 60 m depth.

2.4.3. Temperature and Salinity

Near surface temperature and salinity data were collected with a SeaBird SBE45 Thermosalinograph collected via
the R/V Shearwater's flow‐through system from an intake at approximately 1.5 m depth. This data was logged
once per second. The F/V Instigator cruises had no flow‐through setup however, the ADCP unit was equipped
with an in‐water temperature sensor, measuring temperature transects at 1 m depth on both vessels.

2.4.4. Flow‐Through Optical Properties

Hyperspectral absorption and attenuation (400–735 nm at ∼4 nm spectral resolution, AC‐s, Seabird Sci.), and the
volume scattering function (VSF, Eco‐BB3, Seabird Sci., installed in a 4.5 L box) at 120 deg and 470, 532, and
650 nm were measured continuously for 12 out of 69 transects. A 0.2 μm filter cartridge was connected to the
system and we manually redirected the flow to measure the properties of filtered seawater in both the ACS and
BB3 for about 10 min before and after each transect, whereas total (“normal”) seawater was flowing the rest of the
time. Absorption, attenuation, and backscattering measurements recorded during the filtered periods were linearly
interpolated across the transect and subtracted from the total seawater measurements to obtain an estimate of the
particulate absorption (ap), attenuation (cp), and backscattering (bbp). This setup allows retrieval of particulate
optical properties independently from the instrument drift and biofouling (Slade et al., 2010), and assumes dis-
solved properties vary linearly across the front (more details in Text S1 and Table S1 of Supporting
Information S1).

These inherent optical properties were used as proxies for a range of particulate properties (Table S1 in Sup-
porting Information S1). These include chl‐a line height, a chl‐a estimate derived from the absorption peak at
676 nm (Boss et al., 2007; Roesler & Barnard, 2013), gamma, which is a robust proxy for mean particle size with a
higher gamma indicating smaller average particle sizes and lower gamma indicating larger average particles
(Boss et al., 2001), and phytoplankton pigment concentrations derived from a Gaussian decomposition of the
particulate absorption spectra (Chase et al., 2013). This approach uses a series of Gaussians placed at the same
location as expected for various pigment absorption peaks and minimizes the difference between a spectrum
constructed of these Gaussians with the measured spectrum. This gives the approximate concentration of a range
of pigments that can be used as a proxy for various phytoplankton groups.
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This data was collected using Inlinino (Haëntjens & Boss, 2020) an open‐source logging and visualization
program, and processed using InlineAnalysis (https://github.com/OceanOptics/InLineAnalysis) following (Boss
et al., 2019), further details in Text S1 of Supporting Information S1.

2.5. Surface Front Delineation

Daily Gulf Stream SST was modeled by fitting a sine curve to the satellite SST time series in Figure 2a (blue line)
derived from the blue box in Figure 2d. This model is shown as the top black line in Figure 2a. This model
provided daily Gulf Stream SST estimates and anything within a 0.5°C buffer of this SST was considered Gulf
Stream surface water. Shelf water was modeled the same way via the green box in Figure 2d. In between these two
thresholds was considered interface water. If a transect crossed from the Gulf Stream water into interface or shelf
water it was considered a front‐crossing transect.

2.6. Identification of High Salinity Sargasso Sea Water

We used a salinity threshold of 36.35 PSU to identify deeper Gulf Stream and Sargasso Sea water. This value is
higher than the salinity we see all year in the Gulf Stream core.

2.7. Identification of Shelf Filaments

We identified shelf filaments based on a non‐monotonic SST gradient when moving from the Gulf Stream toward
the shelf.

2.8. Divergence Calculation

To calculate cross‐front surface divergence we subset the full ADCP data set to measurements from 1 to 3 m depth
and rotated the coordinate system of the current vectors such that vectors of the peak current velocity were aligned
directly in the y‐direction. This was done by identifying the median angle of 100 largest magnitude current vectors
and rotating all vectors by this angle. After this rotation, u′ (the magnitude of the x‐component of the rotated
vectors), was considered the cross‐front magnitude. This data was smoothed by taking the mean of a hann filter
over a 500 m rolling window. Divergence was calculated on this rotated and smoothed output via du′/dx with
positive values indicating divergence and negative values indicating convergence.

3. Results
3.1. Seasonality and Phytoplankton Phenology at the Front

Chl‐a and SST generally follow a seasonal subtropical pattern common at this latitude of the Atlantic Ocean with
highest chl‐a in mid‐February and lowest in mid‐August (Figure 2). This matches the pattern in wind speed with
its minimum in mid‐August and maxima in mid‐February (Figure 2c). SST is opposite in phase (Figure 2b).
Coastal waters in this region have more diverse origins (shelf, slope, estuarine outflow), but follow a similar
pattern in both chl‐a and SST as the Gulf Stream, albeit with more intense seasonality. Salinity also has a slight
seasonal dependence with higher salinity in winter (Figure S3 in Supporting Information S1). While nutrient data
is limited to only two cruises (one each in September 2021 and March 2022, Figure S4 in Supporting Infor-
mation S1), it suggests that on both sides of the front nitrate (NO3) is limiting (<0.1 μm, N:P ratio of 1:1) in late
summer, and in late winter there appears to be a NO3 surplus for most phytoplankton (∼0.5 μm, N:P ratio of 50:1).
However, growth may be limited by phosphate during winter (∼0.01 μm; often at or below the detection limit)
(extended discussion in Text S4 of Supporting Information S1).

3.2. Multiple Scales of Biophysical Interaction

Superimposed on this seasonal pattern is variability associated with mesoscale Gulf Stream meanders and frontal
eddies which both impact SST and chl‐a at the front through advective and vertical processes (Lee et al., 1991).
When looking at a cross‐section of the front through time, the interweaving of this seasonality and mesoscale
features is seen as periods of cooler higher chl‐a water displaced onto the left of the average front line and warmer
lower chl‐a water displaced to the right of the average front as a function of time (Figure 3). Vertical profiles
collected down to ∼80 m at sub‐km lateral resolution show multiple layers and a heterogenous vertical structure,
further indicating the presence of submesoscale and fine‐scale processes.
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3.3. Processes at the Front

The Gulf Stream surface front is a complex interface (Figure 1), with fronts not always aligned in all parameters
(e.g., the SST front, current front, and ocean color front are not always in the same location). Not only is there a
decoupling between different parameters, but the Gulf Stream is rarely directly adjacent to shelf waters in this
region. Instead, there is a water mass at the interface, effectively the front itself, that appears to be formed by a
range of processes and with different biogeochemical implications. All transects used in this analysis can be seen
in Figure S5 of Supporting Information S1. 45 of the total 69 transects conducted in this work were found to cross
the Gulf Stream front based on temperature.

In 20 of our 45 front‐crossing transects, the SST gradient is non‐monotonic across the front with a minimum near
the peak current gradient (Figure 4a). Depth profiles show a cooler, fresher, generally higher biomass filament
being entrained at the front (Figure 4, Panels e–i). Often, these cold filaments are present at depths >30 m,
suggesting subduction down along the Gulf Stream, though in the summer they may only penetrate the top 10 m of
the water column.

In 32 of our 45 front‐crossing transects, a higher salinity water than the Gulf Stream core is present in the top 60 m
of the water column (Figures 4j–4n), suggesting obduction up into the euphotic zone. We use obduction inten-
tionally here to indicate an upwelling process, but avoiding the connotations of conventional upwelling (i.e., wind
or eddy driven) and instead suggesting a counterpart to the small scale subduction that appears to be occurring.
Typically, this higher salinity water has higher chl‐a than the Gulf Stream and at times higher chl‐a than the shelf
water. In all cases where there is available satellite data this higher salinity water occurs near the crest of the
meander, and sometimes it extends a few kilometers along the upstream (i.e., southwest) edge of the trough
(upstream relative to the crest).

We inspected the cross‐front surface divergence along the transects and found evidence for convergence at the
front during periods of suspected subduction and divergence at the front during periods of suspected obduction
(Figure 5).

3.4. Phytoplankton Communities Across Individual Transects

Continuous measurements of absorption, attenuation, and backscattering of light and derived optical proxies
reveal changes in PCC and particle properties across the Gulf Stream front in three different cases: cold filament

Figure 3. Hovmöller plot for satellite sea surface temperature (SST, (a)) and for chlorophyll‐a (chl‐a, (b)) from 2021. This is calculated via a 150 km line perpendicular to
the Gulf Stream (x‐axis) and shown through time (y‐axis; DOY‐ day of year). The black line is the average Gulf Stream front centered on the location of our surveys
(35.626, − 74.738). It shows both the seasonality of SST and the meanders and eddies that propagate through the region on a regular basis. These can be identified as the
daily and weekly variability around the black line indicating the average front. On the right is a Hovmöller plot for chl‐a from 2021 calculated via the same approach.
Cloudy pixels were masked and are shown as white in these plots. Both products were resampled to 2‐day averages.
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entrainment (Figure 6, left column) and obduction of Sargasso Sea water (Figure 6, right column), as well as case
with a frontal eddy (Figure 6, center column).

In the cold filament case (Figures 6a, 6d, and 6g) we observe low surface chl‐a and relative PCC is mostly stable
except for an anomaly directly at the front. Gamma (optically‐based particle size proxy) has its minimum at the
front indicating a peak in particle size while the relative phycoerythrin concentration (likely Synechococcus,
Kramer & Siegel, 2019) and the relative photosynthetic carotenoid pigment concentrations have a minima. These
patterns could indicate a converging front subducting, with larger buoyant particles remaining on the surface.

Figure 4. Examples of a cold filament likely being entrained and subducted at the Gulf Stream front and a period of obduction of Sargasso Sea water. The 1‐dimensional
transect views (Panels a and c) show the ship transect in red and a longer satellite derived transect in gray. The blue and green lines indicate the Gulf Stream and shelf
water temperature thresholds respectively. The 2‐dimensional surface satellite views (Panels b and d) show the mesoscale context. The 2‐dimensional depth view is
shown first as a schematic (Panels i and n) and in measured parameters corresponding to the red surface transect shown (in panels a and b).
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In the high salinity obduction case (Figures 6c, 6f, and 6i) as we move from this high salinity water to the
Gulf Stream we see a large decrease in chl‐a and a major shift in relative PCC. The change in this transect is
not gradual or a single anomaly, but rather a step change directly at the front. In the Gulf Stream core there is
more chlorophyll‐b (chl‐b, possibly prasinophytes, chlorophytes, or Prochlorococcus, Kramer & Siegel, 2019),
less phycoerythrin (likely Synechococcus), and higher variability. The chl‐a in this obducted Sargasso Sea
water (∼2 mg/m3) is nearly the highest observed in all 2 years of frontal transects and from our flow
cytometry it appears much of this is in the larger nano‐plankton group (Figure S4 in Supporting Informa-
tion S1). From temperature alone this could appear as a shelf‐based cold filament, but the surface salinity is
higher and vertical profiles suggest it is Gulf Stream or Sargasso Sea derived (Figure S2 in Supporting
Information S1).

In the frontal eddy case (Figures 6b, 6e, and 6h) we traversed between the meander crest and trough, closer to the
crest. Our measurements show a large gradual change in PCC across this transect with a decrease in phycoerythrin
(likely Synechococcus) and increase in chl‐b (possibly prasinophytes, chlorophytes, or Prochlorococcus).
Gamma indicated an increase in particle size moving from the shelf into the eddy water, the opposite of our
expectations. An increase in non‐algal particles such as detritus or mineral particles could explain this finding.

Figure 5. Salinity structure from VMP profiles (a), current magnitude from the Acoustic Doppler Current Profiler (ADCP) (b), current direction from the ADCP (c) and
cross‐frontal divergence calculated from the ADCP data (d) are shown for four transects. Rows 1 and 2 correspond to the cold filament subduction and the Sargasso Sea
obduction examples respectively from Figure 4. Rows 3 and 4 correspond to the cold filament subduction and Sargasso Sea obduction respectively from Figure 6. In
both cases of suspected subduction (rows with white background) there is convergence directly at the front and in both cases of suspected obduction (rows with gray
background) there is divergence directly at the front. Divergence calculations for all transects in this study can be seen in Figure S6 of Supporting Information S1.
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4. Discussion
While typical observational approaches obscure the front, we report on an entire subfrontal scale where iso-
pycnals that lead deep into the Sargasso Sea often outcrop. It may be this subfrontal region where much of the
important biogeochemical role of major fronts is occurring. We focus on two processes dynamically linked to the
meander phase: subduction and obduction ‐ which could have major importance for net primary productivity,
plankton community composition, and carbon export.

The present study links concepts from previous work studying WBC meanders and vertical movement (Olson
et al., 1994), recent insight into the fine‐scale frontal interface (Klymak et al., 2016), and observations of the Gulf
Stream's nutrient sublayer (Csanady & Hamilton, 1988; Pelegrí et al., 1996; Stefánsson & Atkinson, 1971) with
combined high resolution in situ sampling and satellite analyses.

4.1. Meander Driven Entrainment and Detrainment

Ecologically, the Gulf Stream is often assumed to be a barrier at scales larger than 150 km (Bower et al., 1985),
but instabilities of the front and departures from a geostrophic balance not only inject nutrients, they also drive the
creation of submesoscale filaments, eddies, and streamers on both sides of the Gulf Stream (Gula et al., 2015).
One mechanism that has been suggested to drive frequent vertical fluxes on the Gulf Stream front is the phase of
the Stream's meandering (i.e., crest vs. trough) (Bower, 1989, 1991). The meander structure is thought to lead to
convergence on the upstream side of a meander (trough) along with frontogenesis and entrainment of shelf water,
which due to the converging frontal structure can be quickly subducted along isopycnals (Olson et al., 1994). The
opposite process is described to occur on the downstream side of the meander (crest) where divergence occurs
along with frontolysis, often associated with a warm streamer, allowing for positive vertical velocities, possibly
from the nutrient core of the Gulf Stream. This framework has been demonstrated via modeling as well as ob-
servations (Mcwilliams et al., 2019). Recent work just south of our study region shows meanders driving positive
vertical velocities up to 10 cm/s at the crest and downward velocities of the same magnitude in the trough (Muglia
et al., 2022; Olson et al., 1994).

We connect our observations to the meander phase and find that phase is strongly associated with two major
processes observed in our transects, namely troughs are associated with obduction of high salinity water and crests
are associated with entrainment of cold filaments (Figure 7).

Figure 6. Relative pigment‐based surface phytoplankton community composition during three different frontal transects affected by different processes across the front.
Surface properties are shown on the top row (a–f). Satellite sea surface temperature is shown in the bottom row (g–i). The left column is crossing a cold filament and into
the Gulf Stream, the middle column is crossing from a shelf filament into a frontal eddy, and the right column is crossing from a warm streamer into upwelled Sargasso
Sea water and finally into Gulf Stream water. See Figure S2 of Supporting Information S1 for 2D context in the form of vertical profiles and a schematic.
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4.2. A Conceptual Model for Gulf Stream Frontal Structure

The frontal interface of the Gulf Stream, often considered a singularity, can have a width of∼5–10 km across, and
has been described physically in previous work (Klymak et al., 2016). This interface water and small‐scale mixing
within it, have been suggested as the dominant mechanism for exchange between the Sargasso Sea and the
subpolar North Atlantic (Klymak et al., 2016), but it is not fully understood or resolved in most models (Wenegrat
et al., 2020). Water within this interface is often trapped long enough within the meander to be completely mixed
(Klymak et al., 2016) with symmetric instability possibly playing a role (Thomas et al., 2013). Klymak
et al. (2016) used observations and simulations to describe frequent streamers and intrusions exchanging water at
the Gulf Stream front. The authors associated this process with the meander phase of the front. High salinity
streamers mix with shelf water and are carried away from the Gulf Stream at the crests, and entrainment of fresher
water occurs at the trough. This helps to maintain the density gradient of the front itself and explains why the front
interface does not widen. McWilliams et al. (2019) argue this process leads to a sharper front in the trough and just
upstream of the trough, with a wider front at the crest that is more prone to submesoscale perturbations.

In the context of our observations and the growing literature on the frontal interface, we present a generalized
conceptual model of the front structure based on all 45 frontal transects (Figure 8). We highlight the two front‐
associated features observed frequently in our work connected to meander phase: subduction of shelf filaments
entrained at the front and upwelling of apparent Sargasso Sea water on the coastal side of the Gulf Stream
associated with the detrainment of warm streamers.

4.3. Obduction of Sargasso Sea Water

Previous work has revealed a nutrient core, sometimes termed the “nutrient bearing strata,” of the Gulf Stream and
Sargasso Sea in the isopycnal range between 26.5 and 27.3 σT (σT= ρ(S,T ) − 1,000 kg m− 3) (Pelegrí et al., 1996).
There has been frequent speculation that this must be a principal factor in the high productivity of the subpolar
Atlantic (Pelegrí et al., 1996) with seasonal outcroppings of this density layer bringing this water mass into the
euphotic zone leading to patchy high productivity. This has been thought to occur above 45° N with reports that
this isopycnal is a few hundred meters deep off Cape Hatteras, North Carolina (Csanady & Hamilton, 1988). The
Gulf Stream and Sargasso Sea waters off the North Carolina coast have been shown to increase dramatically in
NO3 and PO4 around 25.5 σT (Stefánsson & Atkinson, 1971). Directly off Cape Lookout, North Carolina NO3 and

Figure 7. Gulf Stream meander driven convergence and divergence. Dots indicate upwelling and crosses indicate
downwelling. Figure inspired by Olson et al. (1994). Sea surface temperature (SST) is from 15 September 2020 and is from
the Advanced Clear‐Sky Processor for Ocean Global 0.02° Gridded Super‐collated SST and Thermal Fronts from Low‐
Earth‐Orbiting Platforms product.
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PO4 concentrations peak ∼100 m depth in February and ∼200 m depth in November (Stefánsson & Atkin-
son, 1971), though these observations were not related to Gulf Stream meanders which could have a large in-
fluence on the depth of the nutrient bearing layer in addition to seasonal density changes. While, to our
knowledge, this has not previously been connected, the steep isopycnals in the Gulf Stream in lower latitudes
(<40°N) where there is sufficient light all year for phytoplankton growth, could be a major source of local
productivity.

This expression of dense high salinity water that we observe and assume to be part of the Gulf Stream and
Sargasso Sea's nutrient strata has, to our knowledge, not been documented to occur near this latitude. The
outcropping of these isopycnals is typically thought to occur >45°N (Pelegrí et al., 1996). We observationally link
this feature occurring within the top 20–60 m of the water column to the detrainment of Gulf Stream water at the
crest of the meander which leads to local divergence, and obduction of water from depth (Lee et al., 1991).
Increasing summer stratification may prevent this deeper Sargasso water from reaching the surface, though it is
often still visible at >50 m depth in the summer. While this may limit the impact of this process on phytoplankton
growth, we still observe high chl‐a in this water mass even when ∼50 m depth.

Figure 8. Based on all transects across the front, the shelf and Gulf Stream waters are rarely directly adjacent. An interface water mass is typically at the front with highly
variable origins and properties. This interface water is in some ways a representation of the front itself, this is generally where the isopycnals are nearly perpendicular to
the ocean surface and provides a density pathway from under the Gulf Stream to the surface. (a) Larger scale context from the coast out into the middle of the Sargasso
Sea. (b) A diagram of this general structure. (c) Schematic of transect during cold filament subduction. (d) Schematic of transect during the upwelling of Sargasso Sea
water at the interface. Panel (a) is adapted from Sverdrup et al. (1942).
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There is the possibility that enhancement of chl‐a in obducted water could come from the deep chl‐a max, but we
suggest the deep chl‐a max is likely sustained and enhanced in this region by the linkage to the nutrient strata and
that it would be challenging to disentangle the two.

Given the lateral extent of this high salinity feature (∼5–10 km) this would not be visible via satellite microwave
salinity measurements which typically have a 25–40 km resolution. Often, this feature is below the surface and
thus not visible at all to satellites or even in situ surface salinity measurements. At 50 m depth, where we see it in
the summer, the chl‐a enhancement from this process would mostly be hidden from passive ocean color remote
sensing as well. While SST satellites have sufficient spatial resolution, there is no temperature signature because
this water mass could appear as a mixture of shelf and Gulf Stream water origins rather than deeper Gulf Stream or
Sargasso Sea water.

This conduit to the Gulf Stream and Sargasso Sea nutrient strata could enhance primary production at the front
and could be a large component of increased productivity at the front seen in models and satellite data (Haëck
et al., 2023; Mangolte et al., 2022). The Kuroshio has been suggested as a similar nutrient conduit, with even
higher nutrients at the same density compared to the Gulf Stream (Nagai et al., 2019). A long‐term mooring data
set has identified the Kuroshio frontal region as a hotspot for production (Fassbender et al., 2017) and recent work
combining BGC‐Argo floats and satellite imagery suggested submesoscale dynamics connect nutrients from deep
water into the euphotic zone, though with possible inhibition due to the seasonal thermocline (Wang et al., 2021).
The similarities may go even further, hinting at generalizability of these processes. Recent work argued the
Kuroshio may supply nutrients to the surface from the subsurface nutrient conduit via movement along tilted
isopycnals observed as tongues of elevated nitrate (Nagai & Clayton, 2017).

To constrain the total impact of these events in the Gulf Stream and possibly other WBCs, further work is needed
to pinpoint the along‐stream extent of this process, over what duration the high vertical velocities exist, and under
what conditions it leads to growth enhancement. If the proper in situ work is done to gain this understanding we
may be able to leverage satellite‐based detection of the meander phase to accurately estimate their role in regional
biogeochemical cycles.

4.4. Subduction of Cold Filaments

Our observations suggest all cold filaments visible at the surface are likely connected to the meander trough
entraining the filament and convergence at the front pulling the cold filaments along layers of equal density
(Figure 4a and Figure S5 in Supporting Information S1). Gravitational export can be enabled when isopycnals tilt
toward the vertical and submesoscale eddies appear to contribute a large amount of export in the North Atlantic
(Omand et al., 2015). Given the intense submesoscale vertical motion and nearly vertical isopycnals, this is an
obvious candidate for export, but it is not clear how regularly the shelf water is subducted to depth. Even if these
filaments have the opportunity to travel to depth, long‐term export is not the only outcome as filaments could be
sheared apart by and mixed into the surface core of the Gulf Stream. The entrainment of cold filaments at the front
has been observed previously (Gula et al., 2014; Todd, 2020), and one study in this region that observed sub-
duction of a cold filament inferred this was a vertical circulation in only the top 200 m of the water column using
the omega equation (Thomas & Joyce, 2010). Seasonality is likely to play a large role in the durability of export,
our summer example of a cold filament shows little subduction and does not penetrate below 10 m (Figure S2 in
Supporting Information S1).

It is unclear how the export from convergence of MAB and SAB waters at the Hatteras Front (Todd, 2020), export
via cascading events due to atmospheric cooling (Text S5 in Supporting Information S1) (Han et al., 2021), and
the entrainment of (and possible export) shelf water into meanders interact, or how important each is for export in
this region. It appears some of the glider observations in Todd (2020) could possibly be explained by the meander‐
based entrainment and detrainment. Disentangeling these processes and the interplay between the mesoscale
meandering jet and submesoscale processes will require further high spatial resolution modeling (sensu Freilich &
Mahadevan, 2021). All three of these processes could combine to export substantial carbon and may well sustain
mesopelagic ecosystems that in turn support the large populations of deep feeding top predators such as beaked
whales and pilot whales known to aggregate in this region.
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4.5. Connection to Meander Phase

The meander phase in this region can be challenging to identify because of the shift in Gulf Stream dynamics as it
separates from the continental shelf and moves north of Cape Hatteras (Gula et al., 2015; Muglia et al., 2022).
Notably, there is a decrease in meander amplitude and shearing apart of frontal eddies and warm streamers at this
point (Andres, 2021). Additionally, detraining streamers and entraining filaments can be layered upon each other
(Figure 1c).

Despite this local complexity, in nearly all of our observations the entrainment of cold filaments and detrainment
of warm streamers appear to be associated with troughs and crests respectively. We do not quantify the exact
proportion of crests with high salinity Sargasso Sea water and troughs with cold filaments because they may not
be captured during in situ sampling; however, where our data spans the full front interface this connection exists.
Meanders are reported to move through this region every 5–15 days (Andres, 2021; Glenn & Ebbesmeyer, 1994a)
and given the continued detrainment and entrainment this could be a large and even dominant conduit between the
well‐lit surface and deeper nutrient rich water in this region.

Further study is needed, in particular, to identify cold filament subduction depths. This could possibly be done
with a density following float. Quantifying nutrient input by the obduction of high salinity water is another
priority, ideally with nutrient samples along the same isopycnal from the surface to below the euphotic zone.

A large body of observational and modeling studies have shown that meander crests and troughs have a strong
impact on the ageostrophic circulation in the Gulf Stream (Bower et al., 1985; Mcwilliams et al., 2019) though
impacts on chl‐a are not always obvious from satellite and model output (Gaube & McGillicuddy, 2017). Varying
stratification, meander asymmetry, wind events, and lags in biological response may make it hard to identify these
features from satellites and this combined with low spatiotemporal resolution may be why previous work did not
identify consistent chl‐a patterns along with meander structure. Adding to the challenge, the depth at which we see
the enhancement occurring in the summer and the cloudiness during winter when the obducted high chl‐a water is
at the surface, may prevent this from being evident in satellite ocean color. Further work connecting meander
crests to chl‐a enhancement may need to use daily 1 km resolution ocean color to prevent obscuring the reported
submesoscale meander crest driven enhancement and an ocean color LiDAR could be a key piece of unraveling
this puzzle.

While frontal eddy formation may include substantial upwelling as indicated by a cold dome and uplifted iso-
therms, from a Eulerian perspective off Cape Hatteras, the majority of positive vertical velocities in the top 150 m
appear to occur at the crest of the meander (Muglia et al., 2022), which may be cause to reconsider assumptions
and applicability of previous work further upstream in the SAB to this region and downstream (Glenn &
Ebbesmeyer, 1994b; Lee et al., 1991; Yoder et al., 1981). The physical interplay and amount of upwelling driven
by divergence at the meander crest versus cyclonic frontal eddies is at a similar scale and thus challenging to
differentiate, but should be further investigated. It is possible this balance may shift from the Charleston gyre to
further downstream from Cape Hatteras (Andres et al., 2023).

4.6. PCC

The frontal interface could represent a distinct habitat even in the highly dynamic and turbulent Gulf Stream. In
particular, the obduction of nutrient‐rich Sargasso Sea water could allow a distinct microbiome to quickly grow.
Our limited data shows higher salinity water containing different PCC from the Gulf Stream water. We expect the
entrainment of shelf filaments will lead to PCC that is similar to the shelf though it could appear as an anomaly
when entrained between the Gulf Stream and a warm streamer.

In previous work, the increase in phytoplankton biomass and presence of a unique community at frontal zones has
been variously attributed to lateral mixing (bringing diverse groups into the same place (Barton et al., 2010)),
vertical circulation (injecting new nutrients (Clayton et al., 2014)), complementary nutrient compositions in the
adjacent water masses (e.g., mixing iron‐poor nitrate‐rich and iron‐rich nitrate‐poor waters (Cassar et al., 2011;
Ribalet et al., 2010)), or a combination of stirring and biotic processes (Mangolte et al., 2023). Short‐lived
submesoscale fronts that are common around larger geostrophic fronts can also structure phytoplankton di-
versity (Mousing et al., 2016), though they have unknown impacts on predator prey relationships given their
ephemeral nature (Greer et al., 2015).
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Will we be able to remotely sense these PCC changes across the front with upcoming 1 km resolution hyper-
spectral satellites such as the Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission? In the frontal eddy
scenario (Figure 6, middle column) the changes are fairly drastic and it is likely that we could distinguish different
communities with PACE. In the cold filament scenario (Figure 6, left column) the frontal anomaly in gamma and
PCC is very fine‐scaled and would likely be missed at 1 km resolution. In the high salinity obduction scenario
(Figure 6, right column) PCC shifts in a step change at the front so 1 km resolution would not miss any spatial
dynamics, except the true sharpness of that shift.

4.7. Caveats and New Questions

4.7.1. Defining and Finding the Front—What Is a Front?

While ocean fronts are often described as a “line in the sea” (Yoder et al., 1994) and do sometimes appear so, we
found that with continuous data, the front can exhibit phenomenal complexity and present an entire sub‐front
scale that is often missed by coarser approaches or averaged representations of fronts (Figure S1 in Support-
ing Information S1). Importantly, for comparisons across observational approaches, the temperature, salinity,
current, and ocean color fronts are often spatially offset, sometimes by kilometers. This appears to be largely
controlled by the phase of the meander in this region. The definition of the front, whether density, current,
temperature, salinity, or ocean color and an analysis based on this definition could lead to very different con-
clusions. It should be noted that no matter what definition(s) are used to define the front, these properties are not
consistent through depth and their structure can change dramatically over short periods of time and space.

While it may be appropriate in some investigations, and at least a best viable option in others, it does call into
question the use of satellite SST to define WBC fronts given the frequency of a 2–15 km offset between the
temperature and density or current fronts. While SSH via altimetry provides a reliable metric for delineating the
front (Andres, 2016; Gray & Johnston, 2021) the 0.25° resolution is not suitable for looking at submesoscale or
fine‐scale dynamics. The recently launched Surface Water and Ocean Topography mission will help with this
substantially moving forward, improving our ability to spatially resolve ocean features by nearly 10 times
(Morrow et al., 2019).

We found that surface properties are generally divergent from the properties at depth near the front and using
satellite data from the top ∼1 cm of the water column in the case of longwave infrared SST, or even the first
optical depth for ocean color (1/Kd, ∼10 m in our study area), may not allow proper investigations of dynamics.
This has been found to be true of the vertical structure of the Gulf Stream more broadly (Meinen & Luther, 2016)
and we find it to be the case for the front at finer scales.

Despite these challenges, linking PCC to the meander phase of the Gulf Stream from satellites will be sub-
stantially improved with PACE‐based PCC metrics and SWOT‐based physical structure of the front. The in-
clusion of HF radars where the Gulf Stream is close to the coast (sensu (Muglia et al., 2022)) could also help
substantially to connect these processes.

4.7.2. Capturing the Full Breadth of PCC

Measuring high spatial resolution PCC and differentiating phytoplankton species is methodologically challenging
and expensive. Our optical flow‐through measurements capture the integrated contribution of all groups to the
inherent optical properties of the water and are binned into averages of ∼100 m. For most questions, this is an
appropriately high spatial resolution, but the measurement technique is more variable and less discriminative than
chemical, imaging‐based, or molecular methods. A limitation to all of our PCC data is that it is surface only.
Paired with additional techniques (e.g., continuous flow cytometry and automated imaging microscopy) we could
observe a broader size range of plankton in the ocean but standardizing across methods can be challenging
(Lombard et al., 2019). Meta‐analyses such as that conducted by Mangolte et al. (2023) in the California Current
Ecosystem highlight a path toward addressing these challenges.

To better understand the impact of frontal dynamics on biogeochemical cycles and ecosystem diversity, we
recommend future work use optical proxies and automatic imaging tools to measure PCC and nutrients across a
wider size range and across depth. This could be done with a tow‐yo (Hales & Takahashi, 2002) system undu-
lating instruments across the front or a pump towed up and down the water column bringing water to instruments
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in the ship's wet lab. Given the need for high spatial resolution, instruments with a fast sampling rate such as the
ACs, flow cytometers, and optical nitrate sensors could be ideal.

4.7.3. Local Complexities

Undoubtedly in this area, where the Gulf Stream separates from the continental shelf, the observed complexity
arises from a combination of the geostrophically driven current front and interactions between this and myriad
local features such as frontal eddies from upstream (Gray et al., 2023), reintegration of warm‐core rings from the
slope sea, major storms, movement of the Hatteras Front where the MAB and SAB waters meet (Seim
et al., 2022), and outflows from the Chesapeake Bay and Albemarle‐Pamlico Sound system. This study area was
chosen due to the reliable location of the current front, but this local mixture of water masses makes definitively
attributing chl‐a or PCC changes to frontal processes more challenging. While this complexity makes this area
inherently interesting—and possibly accounts for the high local biodiversity—to mechanistically understand
frontal impacts on productivity and diversity an area with simpler water mass interactions is likely preferable. One
possible location for such work could be further upstream in the SAB or in the Kuroshio Current. WBC fronts are
not simple even in the best case though, and given nonlinear ecosystem feedbacks, extrapolating mean properties
from simplified areas may not be representative of their impact on marine ecosystems.

The Ocean Observatories Initiative's Pioneer Array will be relocated to this area in 2024 and provides an excellent
opportunity to investigate these questions in more depth (Text S6 in Supporting Information S1). Forward looking
multi‐scale multi‐disciplinary programs may help address similar questions in the Kuroshio (Ando et al., 2021).

5. Conclusions
In this work, we investigate kilometer‐scale processes, a scale that has rarely been observed, and our observations
provide evidence for coherent niches and biomass enhancement at this fine‐scale. We suggest that intermittent
Gulf Stream meander driven vertical motion is connecting the euphotic zone and the Sargasso Sea nutrient strata
and subducting cold filaments. This work integrates and advances previous studies by (a) suggesting that the
Sargasso Sea nutrient bearing strata shoals at this latitude, (b) demonstrating the front is an interface with a sub‐
frontal scale rather than a singularity, and (c) indicating that submesoscale processes at this interface, especially
meander dynamics, can link the well‐lit surface with the deeper ocean.

Ocean fronts have long interested mariners, fishers, and oceanographers for good reason. The aggregations of
fish, marine mammals, and seabirds are incredible to witness and the sharpness of the interface between water
masses brings some of the immensity of the ocean down to a human scale—colors and currents are hard to
gauge by eye without comparison and fronts provide that rare contrast. The present study focuses on the lower
end of the submesoscale and provides evidence that a range of important biogeochemical processes may be
occurring here which warrant further study and will undoubtedly require advances in observational and
modeling approaches.

Data Availability Statement
The code to recreate this analysis are available at https://doi.org/10.5281/zenodo.8377865 (Gray, 2023a) and all
data used in this study is available at https://doi.org/10.5281/zenodo.8377770 (Gray, 2023b). All code is shared
with an MIT License for free reuse. We have provided multiple Jupyter Notebooks that go from raw or initially
processed data to the nearly complete figures shown in the paper. The python environment used can be easily and
exactly reproduced using the pangeo‐notebook a Docker image https://github.com/pangeo‐data/pangeo‐docker‐
images/tree/master/pangeo‐notebook as detailed in the Github repo.

References
Abraham, E. R. (1998). The generation of plankton patchiness by turbulent stirring. Nature, 391(6667), 577–580. https://doi.org/10.1038/35361
Ando, K., Lin, X., Villanoy, C., Danchenkov, M., Lee, J.‐H., He, H.‐J., et al. (2021). Half‐century of scientific advancements since the cooperative

study of the Kuroshio and adjacent regions (CSK) programme ‐ Need for a new Kuroshio research. Progress in Oceanography, 193, 102513.
https://doi.org/10.1016/j.pocean.2021.102513

Andres, M. (2016). On the recent destabilization of the Gulf Stream path downstream of Cape Hatteras. Geophysical Research Letters, 43(18),
9836–9842. https://doi.org/10.1002/2016GL069966

Andres, M. (2021). Spatial and temporal variability of the Gulf Stream near Cape Hatteras. Journal of Geophysical Research: Oceans, 126(9),
1–21. https://doi.org/10.1029/2021JC017579

Acknowledgments
Funding support was provided by National
Aeronautics and Space Administration
(NASA) Future Investigators in NASA
Earth and Space Science and Technology
(FINESST, #80NSSC19K1366, Ocean
Biology and Biogeochemistry program)
and the Zuckerman STEM Leadership
Program to PCG. R/V Shearwater ship
time was supported primarily by ONR‐
NRL program element 61153N, WU 72‐
1R25 to IS and partially by the Nicholas
School of the Environment and Duke
University Marine Lab donors through a
student research grant to PCG. The authors
thank the crew of the R/V Shearwater,
Matt Dawson, Tina Thomas, Zach Swaim,
and John Wilson, and the captain of F/V
Instigator, Josh Wentling. We thank Ali
Chase for helpful discussions of her
Gaussian decomposition algorithm for
phytoplankton pigments. Additional
funding support was provided by NSF
Award OCE‐1829905 to SAF. We thank
Minghao Li for assistance with flow
cytometry sample analyses and Wake
Forest University for student support
provided to ML.

Journal of Geophysical Research: Oceans 10.1029/2023JC020526

GRAY ET AL. 16 of 19

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020526 by U
niversity of H

aifa, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.8377865
https://doi.org/10.5281/zenodo.8377770
https://github.com/pangeo-data/pangeo-docker-images/tree/master/pangeo-notebook
https://github.com/pangeo-data/pangeo-docker-images/tree/master/pangeo-notebook
https://doi.org/10.1038/35361
https://doi.org/10.1016/j.pocean.2021.102513
https://doi.org/10.1002/2016GL069966
https://doi.org/10.1029/2021JC017579


Andres, M., Muglia, M., Seim, H., Bane, J., & Savidge, D. (2023). Observations of shelf‐ocean exchange in the Northern South Atlantic Bight
driven by the Gulf Stream. Journal of Geophysical Research: Oceans, 128(7), e2022JC019504. https://doi.org/10.1029/2022JC019504

Barton, A. D., Dutkiewicz, S., Flierl, G., Bragg, J., & Follows, M. J. (2010). Patterns of diversity in marine phytoplankton. Science, 327(5972),
1509–1511. https://doi.org/10.1126/science.1184961

Boss, E., Haëntjens, N., Ackleson, S., Balch, B., Chase, A., Dall’Olmo, G., et al. (2019). Inherent Optical Property Measurements and Protocols:
Best practices for the collection and processing of ship‐based underway flow‐through optical data. In IOCCG Ocean Optics and Biogeo-
chemistry Protocols for Satellite Ocean Colour Sensor Validation (pp. 1–23). Retrieved from http://ioccg.org/wp‐content/uploads/2017/11/
inline_report_15nov2017.pdf

Boss, E., Twardowski, M. S., & Herring, S. (2001). Shape of the particulate beam attenuation spectrum and its inversion to obtain the shape of the
particulate size distribution. Applied Optics, 40(27), 4885. https://doi.org/10.1364/ao.40.004885

Boss, E. S., Collier, R., Pegau, W. S., Larson, G., & Fennel, K. (2007). Measurements of spectral optical properties and their relation to
biogeochemical variables and processes in Crater Lake, Crater Lake National Park, OR. In Long‐term Limnological Research and Monitoring
at Crater Lake, Oregon (pp. 149–159). Springer Netherlands. https://doi.org/10.1007/978‐1‐4020‐5824‐0_9

Bower, A. S. (1989). Potential vorticity balances and horizontal divergence along particle trajectories in Gulf Stream meanders east of Cape
Hatteras. Journal of Physical Oceanography, 19(11), 1669–1681. https://doi.org/10.1175/1520‐0485(1989)019<1669:PVBAHD>2.0.CO;2

Bower, A. S. (1991). A simple kinematic mechanism for mixing fluid parcels across a meandering jet. Journal of Physical Oceanography, 21(1),
173–180. https://doi.org/10.1175/1520‐0485(1991)021<0173:ASKMFM>2.0.CO;2

Bower, A. S., Rossby, H. T., & Lillibridge, J. L. (1985). The Gulf Stream—Barrier or blender? Journal of Physical Oceanography, 15(1), 24–32.
https://doi.org/10.1175/1520‐0485(1985)015<0024:tgsob>2.0.co;2

Cassar, N., Difiore, P. J., Barnett, B. A., Bender, M. L., Bowie, A. R., Tilbrook, B., et al. (2011). The influence of iron and light on net community
production in the Subantarctic and Polar Frontal Zones. Biogeosciences, 8(2), 227–237. https://doi.org/10.5194/bg‐8‐227‐2011

Cavender‐Bares, K. K., Karl, D. M., & Chisholm, S. W. (2001). Nutrient gradients in the western North Atlantic Ocean: Relationship to microbial
community structure and comparison to patterns in the Pacific Ocean. Deep‐Sea Research Part I Oceanographic Research Papers, 48(11),
2373–2395. https://doi.org/10.1016/S0967‐0637(01)00027‐9

Chase, A. P., Boss, E., Zaneveld, R., Bricaud, A., Claustre, H., Ras, J., et al. (2013). Decomposition of in situ particulate absorption spectra.
Methods in Oceanography, 7, 110–124. https://doi.org/10.1016/j.mio.2014.02.002

Clayton, S., Dutkiewicz, S., Jahn, O., & Follows, M. J. (2013). Dispersal, eddies, and the diversity of marine phytoplankton. Limnology and
Oceanography: Fluids and Environments, 3(1), 182–197. https://doi.org/10.1215/21573689‐2373515

Clayton, S., Lin, Y. C., Follows, M. J., & Worden, A. Z. (2017). Co‐existence of distinct Ostreococcus ecotypes at an oceanic front. Limnology and
Oceanography, 62(1), 75–88. https://doi.org/10.1002/lno.10373

Clayton, S., Nagai, T., & Follows, M. J. (2014). Fine scale phytoplankton community structure across the Kuroshio Front. Journal of Plankton
Research, 36(4), 1017–1030. https://doi.org/10.1093/plankt/fbu020

Couespel, D., Lévy, M., & Bopp, L. (2021). Oceanic primary production decline halved in eddy‐resolving simulations of global warming.
Biogeosciences, 2, 1–36. https://doi.org/10.5194/bg‐2021‐14

Csanady, G. T., & Hamilton, P. (1988). Circulation of slopewater. Continental Shelf Research, 8(5–7), 565–624. https://doi.org/10.1016/0278‐
4343(88)90068‐4

Fassbender, A. J., Sabine, C. L., Cronin, M. F., & Sutton, A. J. (2017). Mixed‐layer carbon cycling at the Kuroshio Extension Observatory.Global
Biogeochemical Cycles, 31(2), 272–288. https://doi.org/10.1002/2016GB005547

Ferrari, R. (2011). A frontal challenge for climate models. Science, 332(6027), 316–317. https://doi.org/10.1126/science.1203632
Franklin, B., & Folger, T. (1786). Chart of the Gulf Stream.
Freilich, M., & Mahadevan, A. (2021). Coherent pathways for subduction from the surface mixed layer at ocean fronts. Journal of Geophysical
Research: Oceans, 126(5), e2020JC017042. https://doi.org/10.1029/2020JC017042

Gaube, P., & McGillicuddy, D. J. (2017). The influence of Gulf Stream eddies and meanders on near‐surface chlorophyll.Deep‐Sea Research Part
I Oceanographic Research Papers, 122, 1–16. https://doi.org/10.1016/j.dsr.2017.02.006

Glenn, S. M., & Ebbesmeyer, C. C. (1994a). Observations of Gulf Stream frontal eddies in the vicinity of Cape Hatteras. Journal of Geophysical
Research, 99(C3), 5047–5055. https://doi.org/10.1029/93JC02787

Glenn, S. M., & Ebbesmeyer, C. C. (1994b). The structure and propagation of a Gulf Stream frontal eddy along the North Carolina shelf break.
Journal of Geophysical Research, 99(C3), 5029–5046. https://doi.org/10.1029/93JC02786

Gray, P., Gronniger, J., Sayvelev, I., Dale, J., Cassar, N., Windle, A. E., et al. (2023). The impact of Gulf Stream frontal eddies on ecology and
biogeochemistry near Cape Hatteras. BioRxiv. https://doi.org/10.1101/2023.02.22.529409

Gray, P. C. (2023a). Evidence for kilometer‐scale biophysical features at the Gulf Stream front [Dataset]. Zenodo. https://doi.org/10.5281/zenodo.
8377769

Gray, P. C. (2023b). Evidence for kilometer‐scale biophysical features at the Gulf Stream front [Software]. Zenodo. https://doi.org/10.5281/
zenodo.8377864

Gray, P. C., & Johnston, D. W. (2021). Leveraging satellite data and pangeo to investigate the role of Gulf Stream frontal dynamics in ocean
productivity. In EarthCube Annual Meeting Proceedings. https://doi.org/10.5281/zenodo.5496260

Greer, A. T., Cowen, R. K., Guigand, C. M., & Hare, J. A. (2015). Fine‐scale planktonic habitat partitioning at a shelf‐slope front revealed by a
high‐resolution imaging system. Journal of Marine Systems, 142, 111–125. https://doi.org/10.1016/j.jmarsys.2014.10.008

Gula, J., Molemaker, M. J., & McWilliams, J. C. (2014). Submesoscale cold filaments in the Gulf Stream. Journal of Physical Oceanography,
44(10), 2617–2643. https://doi.org/10.1175/JPO‐D‐14‐0029.1

Gula, J., Molemaker, M. J., & McWilliams, J. C. (2015). Gulf Stream dynamics along the southeastern U.S. seaboard. Journal of Physical
Oceanography, 45(3), 690–715. https://doi.org/10.1175/JPO‐D‐14‐0154.1

Haëck, C., Lévy, M., Mangolte, I., & Bopp, L. (2023). Satellite data reveal earlier and stronger phytoplankton blooms over fronts in the Gulf
Stream region. Biogeosciences, 20(9), 1741–1758. https://doi.org/10.5194/bg‐20‐1741‐2023

Haëntjens, N., & Boss, E. (2020). Inlinino: A modular software data logger for oceanography. Oceanography, 33(1), 80–84. https://doi.org/10.
5670/oceanog.2020.112

Hales, B., & Takahashi, T. (2002). The pumping SeaSoar: A high‐resolution seawater sampling platform. Journal of Atmospheric and Oceanic
Technology, 19(7), 1096–1104. https://doi.org/10.1175/1520‐0426(2002)019<1096:TPSAHR>2.0.CO;2

Han, L., Seim, H., Bane, J., Todd, R. E., & Muglia, M. (2021). A shelf water cascading event near Cape Hatteras. Journal of Physical Ocean-
ography, 51(6), 2021–2033. https://doi.org/10.1175/JPO‐D‐20‐0156.1

Klein, P., & Lapeyre, G. (2009). The oceanic vertical pump induced by mesoscale and submesoscale turbulence. Annual Review of Marine
Science, 1(1), 351–375. https://doi.org/10.1146/annurev.marine.010908.163704

Journal of Geophysical Research: Oceans 10.1029/2023JC020526

GRAY ET AL. 17 of 19

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020526 by U
niversity of H

aifa, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1029/2022JC019504
https://doi.org/10.1126/science.1184961
http://ioccg.org/wp-content/uploads/2017/11/inline_report_15nov2017.pdf
http://ioccg.org/wp-content/uploads/2017/11/inline_report_15nov2017.pdf
https://doi.org/10.1364/ao.40.004885
https://doi.org/10.1007/978-1-4020-5824-0_9
https://doi.org/10.1175/1520-0485(1989)019%3C1669:PVBAHD%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1991)021%3C0173:ASKMFM%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1985)015%3C0024:tgsob%3E2.0.co;2
https://doi.org/10.5194/bg-8-227-2011
https://doi.org/10.1016/S0967-0637(01)00027-9
https://doi.org/10.1016/j.mio.2014.02.002
https://doi.org/10.1215/21573689-2373515
https://doi.org/10.1002/lno.10373
https://doi.org/10.1093/plankt/fbu020
https://doi.org/10.5194/bg-2021-14
https://doi.org/10.1016/0278-4343(88)90068-4
https://doi.org/10.1016/0278-4343(88)90068-4
https://doi.org/10.1002/2016GB005547
https://doi.org/10.1126/science.1203632
https://doi.org/10.1029/2020JC017042
https://doi.org/10.1016/j.dsr.2017.02.006
https://doi.org/10.1029/93JC02787
https://doi.org/10.1029/93JC02786
https://doi.org/10.1101/2023.02.22.529409
https://doi.org/10.5281/zenodo.8377769
https://doi.org/10.5281/zenodo.8377769
https://doi.org/10.5281/zenodo.8377864
https://doi.org/10.5281/zenodo.8377864
https://doi.org/10.5281/zenodo.5496260
https://doi.org/10.1016/j.jmarsys.2014.10.008
https://doi.org/10.1175/JPO-D-14-0029.1
https://doi.org/10.1175/JPO-D-14-0154.1
https://doi.org/10.5194/bg-20-1741-2023
https://doi.org/10.5670/oceanog.2020.112
https://doi.org/10.5670/oceanog.2020.112
https://doi.org/10.1175/1520-0426(2002)019%3C1096:TPSAHR%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-20-0156.1
https://doi.org/10.1146/annurev.marine.010908.163704


Klymak, J. M., Shearman, R. K., Gula, J., Lee, C. M., D’Asaro, E. A., Thomas, L. N., et al. (2016). Submesoscale streamers exchange water on the
north wall of the Gulf Stream. Geophysical Research Letters, 43(3), 1226–1233. https://doi.org/10.1002/2015GL067152

Kramer, S. J., & Siegel, D. A. (2019). How can phytoplankton pigments be best used to characterize surface ocean phytoplankton groups for ocean
color remote sensing algorithms? Journal of Geophysical Research: Oceans, 124(11), 7557–7574. https://doi.org/10.1029/2019JC015604

Lee, T. N., Yoder, J. A., & Atkinson, L. P. (1991). Gulf Stream frontal eddy influence on productivity of the southeast US Continental Shelf.
Journal of Geophysical Research, 96(C12), 191–205. https://doi.org/10.1029/91jc02450

Lévy, M., Franks, P. J. S., & Smith, K. S. (2018). The role of submesoscale currents in structuring marine ecosystems. Nature Communications,
9(1), 4758. https://doi.org/10.1038/s41467‐018‐07059‐3

Lévy, M., Jahn, O., Dutkiewicz, S., Follows, M. J., & D’Ovidio, F. (2015). The dynamical landscape of marine phytoplankton diversity. Journal of
the Royal Society Interface, 12(111), 20150481. https://doi.org/10.1098/rsif.2015.0481

Lombard, F., Boss, E., Waite, A. M., Uitz, J., Stemmann, L., Sosik, H. M., et al. (2019). Globally consistent quantitative observations of planktonic
ecosystems. Frontiers in Marine Science, 6, 196. https://doi.org/10.3389/fmars.2019.00196

Longhurst, A. R. (2007). Ecological geography of the sea. Ecological Geography of the Sea. https://doi.org/10.1016/B978‐0‐12‐455521‐1.
X5000‐1

Mackas, D. L., Denman, K. L., & Abbott, M. R. (1985). Plankton patchiness: Biology in the physical vernacular. Bulletin of Marine Science, 37(2),
653–674.

Mahadevan, A. (2016). The impact of submesoscale physics on primary productivity of plankton. Annual Review of Marine Science, 8(1),
161–184. https://doi.org/10.1146/annurev‐marine‐010814‐015912

Mangolte, I., Lévy, M., Dutkiewicz, S., Clayton, S., & Jahn, O. (2022). Plankton community response to fronts: Winners and losers. Journal of
Plankton Research, 44(2), 1–18. https://doi.org/10.1093/plankt/fbac010

Mangolte, I., Lévy, M., Haëck, C., & Ohman, M. D. (2023). Sub‐frontal niches of plankton communities driven by transport and trophic in-
teractions at ocean fronts. Biogeosciences, 20(15), 3273–3299. https://doi.org/10.5194/bg‐20‐3273‐2023

Mann, K. H., & Lazier, J. R. N. (2005). Dynamics of marine ecosystems. John Wiley & Sons. https://doi.org/10.1002/9781118687901
McGillicuddy, D. J. (2016). Mechanisms of physical‐biological‐biogeochemical interaction at the oceanic mesoscale. Annual Review of Marine
Science, 8(1), 125–159. https://doi.org/10.1146/annurev‐marine‐010814‐015606

Mcwilliams, J. C., Gula, J., & Molemaker, M. J. (2019). The Gulf Stream North Wall: Ageostrophic circulation and frontogenesis. Journal of
Physical Oceanography, 49(4), 893–916. https://doi.org/10.1175/JPO‐D‐18‐0203.1

Meinen, C. S., & Luther, D. S. (2016). Structure, transport, and vertical coherence of the Gulf Stream from the Straits of Florida to the Southeast
Newfoundland Ridge. Deep‐Sea Research Part I Oceanographic Research Papers, 112, 137–154. https://doi.org/10.1016/j.dsr.2016.03.002

Morrow, R., Fu, L. L., Ardhuin, F., Benkiran, M., Chapron, B., Cosme, E., et al. (2019). Global observations of fine‐scale ocean surface
topography with the Surface Water and Ocean Topography (SWOT) Mission. Frontiers in Marine Science, 6, 232. https://doi.org/10.3389/
fmars.2019.00232

Mousing, E. A., Richardson, K., Bendtsen, J., Cetinić, I., & Perry, M. J. (2016). Evidence of small‐scale spatial structuring of phytoplankton alpha‐
and beta‐diversity in the open ocean. Journal of Ecology, 104(6), 1682–1695. https://doi.org/10.1111/1365‐2745.12634

Muglia, M., Seim, H., Bane, J., & Taylor, P. (2022). An observation‐based study of Gulf Stream meander kinematics offshore of Cape Hatteras.
Frontiers in Marine Science, 9, 867439. https://doi.org/10.3389/fmars.2022.867439

Nagai, T., & Clayton, S. (2017). Nutrient interleaving below the mixed layer of the Kuroshio Extension Front. Ocean Dynamics, 67(8),
1027–1046. https://doi.org/10.1007/s10236‐017‐1070‐3

Nagai, T., Clayton, S., & Uchiyama, Y. (2019). Multiscale routes to supply nutrients through the Kuroshio nutrient stream (pp. 105–125). https://
doi.org/10.1002/9781119428428.ch6

Olson, D., Hitchcock, G., Mariano, A., Ashjian, C., Peng, G., Nero, R., & Podesta, G. (1994). Life on the edge: Marine life and fronts.
Oceanography, 7(2), 52–60. https://doi.org/10.5670/oceanog.1994.03

Omand, M. M., D’Asaro, E. A., Lee, C. M., Perry, M. J., Briggs, N., Cetinić, I., & Mahadevan, A. (2015). Eddy‐driven subduction exports
particulate organic carbon from the spring bloom. Science, 348(6231), 222–225. https://doi.org/10.1126/science.1260062

Pelegrí, J. L., Csanady, G. T., & Martins, A. (1996). The North Atlantic nutrient stream. Journal of Oceanography, 52(3), 275–299. https://doi.org/
10.1007/BF02235924

Resplandy, L., Lévy, M., & McGillicuddy, D. J. (2019). Effects of eddy‐driven subduction on ocean biological carbon pump. Global Biogeo-
chemical Cycles, 33(8), 1071–1084. https://doi.org/10.1029/2018GB006125

Ribalet, F., Marchetti, A., Hubbard, K. A., Brown, K., Durkin, C. A., Morales, R., et al. (2010). Unveiling a phytoplankton hotspot at a narrow
boundary between coastal and offshore waters. Proceedings of the National Academy of Sciences of the United States of America, 107(38),
16571–16576. https://doi.org/10.1073/pnas.1005638107

Roesler, C. S., & Barnard, A. H. (2013). Optical proxy for phytoplankton biomass in the absence of photophysiology: Rethinking the absorption
line height. Methods in Oceanography, 7, 79–94. https://doi.org/10.1016/j.mio.2013.12.003

Sathyendranath, S., Brewin, R., Brockmann, C., Brotas, V., Calton, B., Chuprin, A., et al. (2019). An ocean‐colour time series for use in climate
studies: The experience of the ocean‐colour climate change initiative (OC‐CCI). Sensors, 19(19), 4285. https://doi.org/10.3390/s19194285

Seim, H., Savidge, D., Andres, M., Bane, J., Edwards, C., Gawarkiewicz, G., et al. (2022). Overview of the processes driving exchange at Cape
Hatteras program. Oceanography, 35(2), 6–17. https://doi.org/10.5670/oceanog.2022.205

Siegel, D. A., Buesseler, K. O., Behrenfeld, M. J., Benitez‐Nelson, C. R., Boss, E., Brzezinski, M. A., et al. (2016). Prediction of the export and
fate of global ocean net primary production: The EXPORTS science plan. Frontiers in Marine Science, 3, 22. https://doi.org/10.3389/fmars.
2016.00022

Slade, W. H., Boss, E., Dall’olmo, G., Langner, M. R., Loftin, J., Behrenfeld, M. J., et al. (2010). Underway and moored methods for improving
accuracy in measurement of spectral particulate absorption and attenuation. Journal of Atmospheric and Oceanic Technology, 27(10),
1733–1746. https://doi.org/10.1175/2010JTECHO755.1

Stefánsson, U., & Atkinson, L. P. (1971). Nutrient‐density relationships in the western North Atlantic between Cape Lookout and Bermuda.
Limnology and Oceanography, 16(1), 51–59. https://doi.org/10.4319/lo.1971.16.1.0051

Stommel, H. (1965). The Gulf Stream: A physical and dynamical description (2nd ed.). University of California Press.
Sverdrup, H. U., Johnson, M. W., & Fleming, R. H. (1942). The oceans, their physics, chemistry, and general biology. Prentice‐Hall, Inc.
Taylor, A. G., Goericke, R., Landry, M. R., Selph, K. E., Wick, D. A., & Roadman, M. J. (2012). Sharp gradients in phytoplankton community

structure across a frontal zone in the California Current Ecosystem. Journal of Plankton Research, 34(9), 778–789. https://doi.org/10.1093/
plankt/fbs036

Thomas, L. N., & Joyce, T. M. (2010). Subduction on the northern and southern flanks of the Gulf Stream. Journal of Physical Oceanography,
40(2), 429–438. https://doi.org/10.1175/2009JPO4187.1

Journal of Geophysical Research: Oceans 10.1029/2023JC020526

GRAY ET AL. 18 of 19

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020526 by U
niversity of H

aifa, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/2015GL067152
https://doi.org/10.1029/2019JC015604
https://doi.org/10.1029/91jc02450
https://doi.org/10.1038/s41467-018-07059-3
https://doi.org/10.1098/rsif.2015.0481
https://doi.org/10.3389/fmars.2019.00196
https://doi.org/10.1016/B978-0-12-455521-1.X5000-1
https://doi.org/10.1016/B978-0-12-455521-1.X5000-1
https://doi.org/10.1146/annurev-marine-010814-015912
https://doi.org/10.1093/plankt/fbac010
https://doi.org/10.5194/bg-20-3273-2023
https://doi.org/10.1002/9781118687901
https://doi.org/10.1146/annurev-marine-010814-015606
https://doi.org/10.1175/JPO-D-18-0203.1
https://doi.org/10.1016/j.dsr.2016.03.002
https://doi.org/10.3389/fmars.2019.00232
https://doi.org/10.3389/fmars.2019.00232
https://doi.org/10.1111/1365-2745.12634
https://doi.org/10.3389/fmars.2022.867439
https://doi.org/10.1007/s10236-017-1070-3
https://doi.org/10.1002/9781119428428.ch6
https://doi.org/10.1002/9781119428428.ch6
https://doi.org/10.5670/oceanog.1994.03
https://doi.org/10.1126/science.1260062
https://doi.org/10.1007/BF02235924
https://doi.org/10.1007/BF02235924
https://doi.org/10.1029/2018GB006125
https://doi.org/10.1073/pnas.1005638107
https://doi.org/10.1016/j.mio.2013.12.003
https://doi.org/10.3390/s19194285
https://doi.org/10.5670/oceanog.2022.205
https://doi.org/10.3389/fmars.2016.00022
https://doi.org/10.3389/fmars.2016.00022
https://doi.org/10.1175/2010JTECHO755.1
https://doi.org/10.4319/lo.1971.16.1.0051
https://doi.org/10.1093/plankt/fbs036
https://doi.org/10.1093/plankt/fbs036
https://doi.org/10.1175/2009JPO4187.1


Thomas, L. N., Taylor, J. R., Ferrari, R., & Joyce, T. M. (2013). Symmetric instability in the Gulf Stream. Deep Sea Research Part II: Topical
Studies in Oceanography, 91, 96–110. https://doi.org/10.1016/j.dsr2.2013.02.025

Todd, R. E. (2020). Export of Middle Atlantic Bight shelf waters near Cape Hatteras from two years of underwater glider observations. Journal of
Geophysical Research: Oceans, 125(4), e2019JC016006. https://doi.org/10.1029/2019JC016006

Uchida, T., Balwada, D., Abernathey, R. P., McKinley, G. A., Smith, S. K., & Lévy, M. (2020). Vertical eddy iron fluxes support primary
production in the open Southern Ocean. Nature Communications, 11(1), 1125. https://doi.org/10.1038/s41467‐020‐14955‐0

Wang, T., Chai, F., Xing, X., Ning, J., Jiang, W., & Riser, S. C. (2021). Influence of multi‐scale dynamics on the vertical nitrate distribution around
the Kuroshio Extension: An investigation based on BGC‐Argo and satellite data. Progress in Oceanography, 193, 102543. https://doi.org/10.
1016/j.pocean.2021.102543

Wenegrat, J. O., Thomas, L. N., Sundermeyer, M. A., Taylor, J. R., D’Asaro, E. A., Klymak, J. M., et al. (2020). Enhanced mixing across the gyre
boundary at the Gulf Stream front. Proceedings of the National Academy of Sciences of the United States of America, 117(30), 17607–17614.
https://doi.org/10.1073/pnas.2005558117

Yoder, J. A., Ackleson, S. G., Barber, R. T., Flament, P., & Balch, W. M. (1994). A line in the sea.Nature, 371(6499), 689–692. https://doi.org/10.
1038/371689a0

Yoder, J. A., Atkinson, L. P., Lee, T. N., Kim, H. H., & McClain, C. R. (1981). Role of Gulf Stream frontal eddies in forming phytoplankton
patches on the outer southeastern shelf. Limnology and Oceanography, 26(6), 1103–1110. https://doi.org/10.4319/lo.1981.26.6.1103

References From the Supporting Information
D’Asaro, E., Lee, C., Rainville, L., Harcourt, R., & Thomas, L. (2011). Enhanced turbulence and energy dissipation at ocean fronts. Science,
332(6027), 318–322. https://doi.org/10.1126/science.1201515

Gronniger, J., Gray, P. C., Neibergall, A., Johnson, Z., & Hunt, D. E. (2023). A Gulf Stream cold‐core eddy harbors a distinct microbiome
compared to environmentally‐similar adjacent waters. BioRxiv. https://doi.org/10.1101/2023.02.23.529726

Hunter‐Cevera, K. R., Neubert, M. G., Olson, R. J., Solow, A. R., Shalapyonok, A., & Sosik, H. M. (2016). Physiological and ecological drivers of
early spring blooms of a coastal phytoplankter. Science, 354(6310), 326–329. https://doi.org/10.1126/science.aaf8536

Johnson, Z. I., Shyam, R., Ritchie, A. E., Mioni, C., Lance, V. P., Murray, J. W., & Zinser, E. R. (2010). The effect of iron‐and light‐limitation on
phytoplankton communities of deep chlorophyll maxima of the western Pacific Ocean. Journal of Marine Research, 68(2), 283–308. https://
doi.org/10.1357/002224010793721433

Moore, C. M., Mills, M. M., Langlois, R., Milne, A., Achterberg, E. P., La Roche, J., & Geider, R. J. (2008). Relative influence of nitrogen and
phosphorus availability on phytoplankton physiology and productivity in the oligotrophic sub‐tropical North Atlantic Ocean. Limnology and
Oceanography, 53(1), 291–305. https://doi.org/10.4319/lo.2008.53.1.0291

Palter, J. B., Lozier, M. S., Sarmiento, J. L., & Williams, R. G. (2011). The supply of excess phosphate across the Gulf Stream and the maintenance
of subtropical nitrogen fixation. Global Biogeochemical Cycles, 25(4), GB4007. https://doi.org/10.1029/2010GB003955

Sedwick, P. N., Bernhardt, P. W., Mulholland, M. R., Najjar, R. G., Blumen, L. M., Sohst, B. M., et al. (2018). Assessing phytoplankton nutritional
status and potential impact of wet deposition in seasonally oligotrophic waters of the Mid‐Atlantic Bight. Geophysical Research Letters, 45(7),
3203–3211. https://doi.org/10.1002/2017GL075361

Sullivan, J. M., Twardowski, M. S., Zaneveld, J. R. V., Moore, C. M., Barnard, A. H., Donaghay, P. L., & Rhoades, B. (2006). Hyperspectral
temperature and salt dependencies of absorption by water and heavy water in the 400–750 nm spectral range. Applied Optics, 45(21),
5294–5309. https://doi.org/10.1364/AO.45.005294

Sullivan, J. M., Twardowski, M. S., Ronald, J., Zaneveld, V., & Moore, C. C. (2013). Measuring optical backscattering in water. Light Scattering
Reviews 7: Radiative Transfer and Optical Properties of Atmosphere and Underlying Surface, 189–224. https://doi.org/10.1007/978‐3‐642‐
21907‐8_6

Journal of Geophysical Research: Oceans 10.1029/2023JC020526

GRAY ET AL. 19 of 19

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020526 by U
niversity of H

aifa, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.dsr2.2013.02.025
https://doi.org/10.1029/2019JC016006
https://doi.org/10.1038/s41467-020-14955-0
https://doi.org/10.1016/j.pocean.2021.102543
https://doi.org/10.1016/j.pocean.2021.102543
https://doi.org/10.1073/pnas.2005558117
https://doi.org/10.1038/371689a0
https://doi.org/10.1038/371689a0
https://doi.org/10.4319/lo.1981.26.6.1103
https://doi.org/10.1126/science.1201515
https://doi.org/10.1101/2023.02.23.529726
https://doi.org/10.1126/science.aaf8536
https://doi.org/10.1357/002224010793721433
https://doi.org/10.1357/002224010793721433
https://doi.org/10.4319/lo.2008.53.1.0291
https://doi.org/10.1029/2010GB003955
https://doi.org/10.1002/2017GL075361
https://doi.org/10.1364/AO.45.005294
https://doi.org/10.1007/978-3-642-21907-8_6
https://doi.org/10.1007/978-3-642-21907-8_6

	description
	Evidence for Kilometer‐Scale Biophysical Features at the Gulf Stream Front
	1. Introduction
	2. Methods
	2.1. Study Area
	2.2. Satellite Analysis
	2.3. Wind Data
	2.4. Ship Transects
	2.4.1. Underway Profiling
	2.4.2. Acoustic Doppler Current Profiler (ADCP)
	2.4.3. Temperature and Salinity
	2.4.4. Flow‐Through Optical Properties

	2.5. Surface Front Delineation
	2.6. Identification of High Salinity Sargasso Sea Water
	2.7. Identification of Shelf Filaments
	2.8. Divergence Calculation

	3. Results
	3.1. Seasonality and Phytoplankton Phenology at the Front
	3.2. Multiple Scales of Biophysical Interaction
	3.3. Processes at the Front
	3.4. Phytoplankton Communities Across Individual Transects

	4. Discussion
	4.1. Meander Driven Entrainment and Detrainment
	4.2. A Conceptual Model for Gulf Stream Frontal Structure
	4.3. Obduction of Sargasso Sea Water
	4.4. Subduction of Cold Filaments
	4.5. Connection to Meander Phase
	4.6. PCC
	4.7. Caveats and New Questions
	4.7.1. Defining and Finding the Front—What Is a Front?
	4.7.2. Capturing the Full Breadth of PCC
	4.7.3. Local Complexities


	5. Conclusions
	Data Availability Statement



